excretion. In conclusion, the most critical phases for analysis of renal ion excretion during the first weeks of life are directly after birth and during the weaning period. The age dependence of urinary excretion varies for the different ions. This should be taken into consideration when the renal phenotype of mice is investigated during the first weeks of life.
Introduction
During the last decades, genetically modified mice have become important tools to study the role of specific renal proteins and findings from those studies have largely improved our understanding of kidney physiology [1] . Unfortunately, genetically modified mice are often severely affected by the gene deletion, e.g. by severe renal salt wasting, and some knockout mice hardly survive until weaning. In such mouse models, characterization of the renal excretory function is only possible during the first weeks after birth or requires rescuing of the animals by continuous replacement of fluid and salt losses [2] [3] [4] [5] [6] [7] [8] .
Researchers have to be aware of the dramatic physiological changes of kidney function in young mice. Kidney development is still in progress at the time of birth and
Key Words
Genetically modified mice · Growing mice · Postnatal dynamics · Renal electrolyte excretion
Abstract
Genetically modified mice represent important models for elucidating renal pathophysiology, but gene deletions frequently cause severe failure to thrive. In such cases, the analysis of the phenotype is often limited to the first weeks of life when renal excretory function undergoes dramatic physiological changes. Here, we investigated the postnatal dynamics of urinary ion excretion in mice. The profiles of urinary electrolyte excretion of mice were examined from birth until after weaning using an automated ion chromatography system. Postnatally, mice grew about 0.4 g/day, except during two phases with slower weight gain: (i) directly after birth during adaptation to extrauterine conditions (P0-P2) and (ii) during the weaning period (P15-P21), when nutrition changed from mother's milk to solid chow and water. During the first 3 days after birth, remarkable changes in urinary Na -/-mice exemplified the relevance of age-dependent analysis of urinary the ability of the kidneys to produce diluted or concentrated urine, to reabsorb and to excrete electrolytes is limited [9, 10] . Moreover, growing mice have to face two major challenges -the switch from intrauterine to postnatal conditions and the period of weaning when the diet changes from mother's milk to solid chow and water. The rapid growth of the animals also interferes with electrolyte and water balance, e.g. during the first week of life mice gain up to 20% of body weight per day.
This study aimed at giving an outline of the age-dependent variations of the urinary excretion of electrolytes in mice. These data could be helpful for researchers investigating the renal function in growing mice.
Methods
Animals and Animal Experimentation C57BL6 mice were maintained on a regular 12-hour light period with free access to a standard mouse diet (mixture of rodent diet V1324-000 (33%) and V1535-000 (67%), both from ssniff-Spezialdiäten GmbH, Soest, Germany) and water. Mouse anesthesia was carried out as described elsewhere [11] . Growth curves of the mice were recorded by weighing, and urine samples were collected by suprapubic puncture of the urinary bladder in neonates or from spot urine from elder mice up to the age of 60 days. In total, 669 samples from 117 different mice, derived from 9 different litters, were analyzed. The experimental protocols were approved by the local councils for animal care and were conducted according to the German laws for animal care and the NIH Guide for the Care and Use of Laboratory Animals. KCNJ10 -/-mice [12] were kindly provided by Dr. Clemens Neusch and Dr. Frank Kirchhoff, Max Planck Institute for Experimental Medicine, Gottingen, Germany.
Quantification of Inorganic Ions and Creatinine in Urine Samples
Anions (Cl -, phosphate, sulfate), cations (Na + , NH 4 + , K + , Mg 2+ , Ca 2+ ), and creatinine were quantified in urine samples using an automated ion chromatography system (Dionex/Thermo Fisher Scientific, Idstein, Germany; further details to the instrumentation are given in the supplementary information; for all online suppl. material, see www.karger.com/doi/10.1159/000356816).
Histology of Mouse Kidney
Mice were fixated by a paraformaldehyde-containing solution as described elsewhere [11] . Paraffin-embedded kidneys were obtained according to standard protocols. For visualization of the histology, 5-μm kidney sections were stained with hematoxylin (Mayer's hemalum) and eosin. 
Statistics
Data are shown as mean values ± SEM from 'n' observations. Unpaired Student's t test was used and a p value of <0.05 was accepted to indicate statistical significance.
Results

Postnatal Growth
Postnatal development and growth of mice are very dynamic processes ( fig. 1 ) . Starting with 1.4 g at postnatal day P1, C57BL6 mice showed a 15-to 17-fold increase in body weight during the first 8 weeks after birth. After an initial delay of growth after birth, mice of both sexes gained weight in an almost linear way by 0.4 g/day up to day P14. Around P15-P20, mice stopped growing. This phase of slow weight gain reflected the weaning phase when mice reduced or stopped drinking mother's milk and adapted to solid chow and tap water. The weight gain was more delayed in male mice as evidenced by a lower mean weight of 6.2 ± 0.3 g compared to female mice with 7.4 ± 0.2 g at day P20. Their growth continued almost linear after weaning. After the 6th postnatal week, the weight of male mice exceeded that of female mice.
Urinary Concentrations of Creatinine
In order to gain closer insights into the electrolyte balance of growing mice, we measured the renal excretion of various ions and creatinine in the urine by ion chroma- , and NH 4 + are shown in figure 2 . At birth, the urinary Na + concentration was about 35 mmol/l, it decreased within 3 days to values <10 mmol/l and remained low until the end of the lactation period. When mice started to eat solid chow during the weaning period, the urinary Na + concentration strongly increased up to 70 mmol/l. After weaning, the urinary Na + concentration stayed high and was quite variable due to independent uptake of Na + -containing chow and water. In contrast to Na + , urinary K + concentrations did not show the strong decrease during the first 3 postnatal days. K + concentrations were stable during the lactation period (about 80 mmol/l) and increased markedly (up to 500 mmol/l) during the weaning period. Urinary Mg 2+ concentration showed the lowest values immediately after birth (<5 mmol/l) followed by a slow increase during the lactation period (12 mmol/l at P14) and a strong increase during weaning (up to 50 mmol/l). Urinary Ca 2+ concentrations showed a peak at day P3 after birth (2.2 mmol/l) followed by low urinary concentrations of 0.6-1 mmol/l in the second week after birth. The time course of the urinary ammonium concentration was different from those of the other cations; it increased constantly during the first weeks of life up to some 60 mmol/l during and after the weaning period. Online supplementary figure 3 shows the urinary concentrations of cations normalized to creatinine.
Urinary Concentrations of Inorganic Anions
Urinary Cl -concentrations constantly decreased during the first 2 weeks of life (from 110 mmol/l after birth to 40 mmol/l at P14). Similar to the time course of the K + concentration, Cl -levels strongly increased during weaning (up to 350 mmol/l). Urinary phosphate concentrations were minimal at day P3 after birth (10 mmol/l) and then increased continuously until weaning (100 mmol/l), similar to the time course of the urinary ammonium concentration. Urinary sulfate excretion was very low at birth (2.5 mmol/l) and increased continuously until after weaning (50 mmol/l at P25) ( fig. 3 ). Online supplementary figure 4 shows the urinary concentrations of anions normalized to creatinine.
Salt-Wasting Phenotype of Newborn KCNJ10
-/-Mice KCNJ10 is a basolateral potassium channel of renal distal convoluted tubules and loss of function mutations lead to EAST/SeSAME syndrome [13, 14] in humans. As an example of an age-dependent salt-wasting phenotype of genetically modified mice, we measured the excretion of creatinine, Ca 2+ , Na + , and K + during the first 6 days after birth ( fig. 4 ) . KCNJ10 -/-mice displayed, in an agedependent manner, reduced urinary creatinine concentration, increased urinary Na + and K + , but reduced excretion of Ca 2+ .
Discussion
Genetically modified mice as models for kidney diseases often show increased postnatal lethality and failure to thrive. In such cases, analysis of the renal function is restricted to the first weeks of life. This study depicts the physiological changes of urinary ion concentrations in growing C57BL6 mice.
Dynamic Changes during the First Weeks after Birth
The quantities of ions taken up during the lactation period are determined by composition and availability of mother's milk (suckling mice drink about 1.5 ml/day of mother's milk (an estimate based on Knight et al. [15] ). Growing mice have to retain most of the ingested ions to allow rapid gain of body weight. Accordingly, the urinary concentrations of Na + , Cl -, K + , Ca 2+ , and Mg 2+ are much lower during the lactation period compared to weaning when mice take up ions with solid chow independently from water.
Moreover, the ion concentrations in the milk change during the course of lactation [16] [17] [18] . For instance, Nicholas and Hartmann [16] reported a marked increase of Ca 2+ and phosphate concentrations in rat milk during the lactation period. Table 1 shows data from the literature about the range of ion concentrations in rodent milk. To our knowledge, precise profiles of ion composition in mouse milk during lactation were not reported but most probably there is also variation in mice which could influence the urinary ion concentration.
The remarkably high amounts of Na + excreted during the first 2 days after birth could result to some extent from the lower responsiveness of neonatal mice to aldosterone compared to adult mice [19] . The characteristic profiles of urinary Ca 2+ and phosphate during the first postnatal week might be caused by multiple factors: (i) fetal suppression of the parathyroid hormone [4] , (ii) initial decrease of plasma Ca 2+ because of the separation from the maternal circulation, and (iii) recovery of plasma Ca 2+ by supply with the Ca 2+ -rich mother's milk. The time course of Mg 2+ excretion was different from that of Ca 2+ . In rats, postnatal renal handling of Ca 2+ and Mg 2+ also showed characteristic differences [20] .
In mice the full capacity to mobilize sulfate from sulfur-containing amino acids develops only after birth [21] . The very low excretion of sulfate directly after birth and the constant increase during the lactation period probably result from the increased utilization of sulfate from mother's milk.
The capacity of the kidneys of newborns to excrete an excess of K + is low compared to adult animals/humans [9] . Nevertheless, urinary K + concentrations during the lactation period were very stable in the range of 80 mmol/l and they increased up to 500 mmol/l when mice start to eat solid chow. Urinary Cl -was the only ion examined for which the concentrations continuously decreased during the first 2 postnatal weeks. The postnatal maturation of renal Cl -transport systems probably contributes to this phenomenon [22] . The strong increase in urinary Cl -during weaning is mostly caused by increased Cl -uptake via solid chow.
Creatinine Excretion
The urinary creatinine concentration was constantly increasing from low levels after birth to some 10-fold higher levels in adult animals ( fig. 2 ) . The concentration of creatinine in the urine depends on the amounts of excreted creatinine and excreted water. The amount of creatinine excreted is determined by the creatinine production in the muscles, the glomerular filtration rate, and the tubular secretion of creatinine, the latter accounting for 35-50% of renal excretion [23] . The continuous increase of urinary creatinine is probably mainly caused by the increasing amount of creatinine produced by the growing muscle mass. At the age of 2 weeks the scattering of the urinary creatinine concentration increased due to variable water intake. After weaning, the urinary creatinine concentration is mainly determined by the creatinine production in the muscles, the drinking behavior of the mice, and by the fully developed ability of the animals to produce concentrated urine.
Postnatal Salt-Wasting in KCNJ10
-/-Mice Patients, homozygous for loss-of-function mutations of the potassium channel KCNJ10 (Kir4.1), suffer from EAST or SeSAME syndrome, a complex autosomal recessive disorder that is characterized by epilepsy, ataxia, sensorineural deafness, variable degrees of mental retardation, and a salt-wasting renal tubulopathy [13, 14, 24, 25] . As a model for this human disease, we investigated the urinary salt excretion of KCNJ10 -/-mice. KCNJ10 -/-mice displayed the expected urinary loss of Na + and K + and the reduced excretion of Ca 2+ [13] . In addition, the profile of urinary excretion during the first 6 postnatal days disclosed a strong age dependence that hampers renal phenotyping of these mice.
Concluding Remarks
The knowledge of the time course of ion excretion is highly relevant for the interpretation of knockout mice data. The most pronounced changes of renal ion excretion take place directly after birth and during the weaning period. Therefore, the phenotypic examination of knockout mice models during these critical phases has to be performed very carefully. To avoid these phases of very high variability, we suggest to phenotype mice between postnatal days 4 and 12 and to use strictly age-matched animals or littermates. Data were compiled from the literature and they include values from different days of lactation as well from different mouse and rat strains. In addition, different methods were used for the measurement of the ion concentrations. For detailed information, readers are referred to the original publications.
